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Perchlorate salts of potassium and ammonium are the
primary oxidants in pyrotechnic mixtures, yet insufficient
information is available regarding the relationship between
fireworks displays and the environmental occurrence of
perchlorate. Here we document changes in perchlorate
concentrations in surface water adjacentto a site of fireworks
displays from 2004 to 2006. Preceding fireworks displays,
perchlorate concentrations in surface water ranged from
0.005 to 0.081 ug/L, with a mean value of 0.043 ug/L. Within
14 h after the fireworks, perchlorate concentrations
spiked to values ranging from 24 to 1028 x the mean baseline
value. A maximum perchlorate concentration of 44.2

ug/L was determined following the July 4th event in 2006.
After the fireworks displays, perchlorate concentrations
decreased toward the background level within 20 to 80 days,
with the rate of attenuation correlating to surface water
temperature. Adsorption tests indicate that sediments
underlying the water column have limited (<100 nmol/g)
capacity to remove perchlorate via chemical adsorption.
Microcosms showed comparatively rapid intrinsic perchlorate
degradation in the absence of nitrate consistent with the
observed disappearance of perchlorate from the study site.
This suggests that at sites with appropriate hiogeochemical
conditions, natural attenuation may be an important
factor affecting the fate of perchlorate following fireworks
displays.

Introduction

Detection of perchlorate in groundwater and surface water
around the United States has fueled recent evaluations of
the source, distribution, and biogeochemical processes
governing perchlorate behavior in aquatic environments.
Much of the current concern over this anion stems from the
fact that perchlorate ingestion may pose an adverse human
health risk because perchlorate interferes with the production
of thyroid hormones required for normal metabolism and
the development of mental function (I, 2). Elevated per-
chlorate concentrations may also pose a risk to aquatic
ecosystems. Fish from contaminated sites have been found
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to contain several thousands of parts per billion (ppb) of
perchlorate in the head area and hundreds of ppb in the
fillets (3). In addition, recent histological assessments show
that fish from perchlorate-contaminated sites have increased
thyroid follicular hyperplasia, hypertrophy, and colloid
depletion at perchlorate concentrations as low as 100 ug/L
and exposure times of 30 d (4, 5).

The potential impact of perchlorate on human and
ecosystem health is directly tied to its mobility and attenu-
ation in the environment. Perchlorate salts are highly soluble
in water and perchlorate ions weakly adhere to mineral and
organic surfaces (6—9); thus, abiotic attenuation pathways
of perchlorate are frequently considered to be unimportant.
Attenuation of perchlorate in the environment, however, can
be effectively mediated by microaerophilic or anaerobic
microorganisms that transform ClO,~ to Cl~ following the
pathway ClOs,~ — ClO;~ — ClO,~ — CI- + O, (10—13).
Perchlorate-reducing organisms can use a variety of organic
carbon substrates as electron donors, such as glucose, acetate,
vegetable oils, and natural organic carbon compounds
present in soils and sediments (6, 8, 14, 15). Biological
transformation of perchlorate has been successfully utilized
for drinking water treatment (I6—17) and for in situ
groundwater remediation (18—21).

Occurrences of perchlorate in groundwater and surface
water stem from both anthropogenic and natural sources.
Anthropogenic sources of perchlorate include ammonium
perchlorate, a major ingredient of rocket fuel that powers
the space shuttle and the U.S. nuclear missile arsenal. In
addition, potassium perchlorate is a key ingredient in the
production of fireworks, explosives, road flares, and other
minor uses (22). Natural sources of perchlorate were generally
thought to be restricted to fertilizers mined from Chilean
caliche deposits (23). However, recent studies suggest a
possible atmospheric origin for background levels of per-
chlorate, formed from chloride or hypochlorite during
atmospheric lightning discharges or from reactions involving
ozone, solar energy, and chloride (24—26). Other work
proposes multiple possible sources of perchlorate to sub-
surface and surface environments such as mineralogical
impurities, agricultural fertilizers, or in situ formation via
electrochemical processes (27). Although fireworks are com-
monly referred to as a source of perchlorate to the environ-
ment (28—29), few data are available to evaluate impacts to
groundwater or surface water resources (30). For example,
Dasgupta et al. (29) note, in their recent examination of
sources of perchlorate to the environment, that a knowledge
gap exists regarding the relationship between fireworks
displays and the environmental occurrence of perchlorate.
This paper documents the time-dependent concentrations
of perchlorate observed in a municipal lake following four
fireworks displays from 2004 to 2006.

Materials and Methods

Sample Collection, Handling, and Analysis. Surface water
samples were collected along the shoreline of a small lake
(62 000 m?) located in Ada, OK. The site is a park with no
known source of perchlorate contamination. Sample col-
lection times were centered on fireworks displays in July
2004, July 2005, November 2005, and July 2006. Figure 1 shows
an aerial photograph of the lake, locations of sampling sites,
and the location of the fireworks ignition site. Samples for
perchlorate analyses were syringe-filtered (0.2 um pore size)
in the field into plastic bottles and kept refrigerated at 4 °C
until analysis. Measurements in the field were made for pH,

VOL. xx, NO. xx, xxxx / ENVIRON. SCI. & TECHNOL. = A

PAGE EST: 5.8



Station 1

/ e Station 3
fe a
J -’ :

o, "% " station 2
Ignition site f

*

FIGURE 1. Study area, sampling locations, and fireworks ignition
site.

specific conductance, and temperature. Samples for stable
hydrogen and oxygen isotopic compositions were collected
into 20-mL glass vials and sealed to prevent evaporation that
can potentially alter '#0/'%0 and ?H/'H ratios. Oxygen- and
hydrogen-isotopic ratios of H,O were analyzed using a high-
temperature conversion elemental analyzer linked to a
continuous flow isotope ratio mass spectrometer (IRMS,
Finnigan Delta plus XP). Filtered samples were also collected
for element analysis by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Perkin-Elmer Optima
3300DV) and anion analysis by capillary electrophoresis (CE,
Waters). Sediment samples were collected from the top 10
cm of the bottom sediments at locations near the surface
water sampling sites. Sediments were stored at 4 °C in
nitrogen-gas purged containers. Sample splits were used for
solid-phase characterization, adsorption tests, and micro-
cosm experiments.

Reagents and Standards. Water and acetonitrile (both
LC/MS grade manufactured by Riedel-de Haen, Seelze,
Germany), sodium perchlorate (minimum 99% purity), and
40% w/w methylamine in water were purchased from Sigma-
Aldrich (Milwaukee, WI). Oxygen-18-enriched sodium per-
chlorate, NaCl'®O4, was obtained from Isotec (Miamisburg,
OH) and was diluted with reagent water to a concentration
of 40 ug/L CI*®*0,. The liquid chromatography (LC) mobile
phase (200 mM methylamine) was prepared by adding 10
mL of 40% w/w methylamine to 490 mL of LC/MS water.
Certified second source standards of perchlorate were
purchased from Environmental Resource Associates (Arvada,
CO).

Perchlorate Analysis. The determination of perchlorate
in water was done using a liquid chromatography tandem
mass spectrometry (LC/MS/MS) method based on EPA
method 331.0 (31, 32). An Agilent 1100 liquid chromatograph
and a Finnigan TSQ Quantum Ultra triple-quadrupole mass
spectrometer were used for the analysis. Sample volumes of
40 uL were injected, via an Agilent autosampler, onto a Dionex
IonPac AS21 column (250 mm x 2 mm) (Dionex, Millford,
MA). The flowrate of the mobile phase, 200 mM methylamine,
was 350 #L/min. This allowed the perchlorate anion to elute
from the column in ~8 min. All PEEK coated fused silica
connecting tubing in the liquid chromatograph was replaced
with PEEK tubing. Similarly, all Vespel graphite rotor seals
in valves and the Vespel graphite injector seat in the LC
injector were replaced with parts made of PEEK material. A
postcolumn flow of 300 uL/min acetonitrile was added via
atee before the column flow entered the electrospray source.
Optimization of the MS parameters was done using infusion
of perchlorate into the mobile phase (further details are
provided in the Supporting Information).
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A value for the lowest concentration minimum reporting
level (LCMRL) for this method, 0.011 ug/L, was calculated
using the procedure described elsewhere (33). The method
detection limit (MDL) was determined by analyzing seven
samples prepared separately at the 0.010 ug/L level, calcu-
lating the standard deviation of the determined concentra-
tion, and multiplying the standard deviation by 3.15 (the
97% Student ¢ value) (32). The MDL for the method was
determined to be 0.003 xg/L (0.03 nmol/L). The quality
control data for this study were collated from sample queues
run between July 2004 and August 2006. Over this period,
continuing calibration check standards of 0.025 and 0.100
ug/Lhad average recoveries of 109% (RSD = 9.2%, n=4) and
103% (RSD = 5%, n = 13), respectively. Secondary source
standards with certified concentrations at 0.151 and 1.51
ug/L had average recoveries of 99% (RSD 3.6%, n = 6) and
101% (RSD 2.6%, n = 11), respectively. During this study
fifteen samples were spiked with perchlorate at concentra-
tions between 0.100 and 10 xg/L. The average matrix spike
recovery for these samples was 101% (RSD = 11%). The
concentration of perchlorate in the samples that were spiked
ranged from 0.017 to 11.9 ug/L.

Adsorption and Microcosm Experiments. Precautions
were taken to minimize the alteration of sediment samples
prior to use in batch adsorption and microcosm experiments.
Fresh sediments (wet) were added to 50 mL bottles along
with oxygen-saturated deionized water, and aliquots of a
stock sodium perchlorate solution. Oxygen-saturated water
was used in batch adsorption tests to inhibit potential
microbial degradation of perchlorate. The bottles were
sealed with screw caps and their contents were mixed on a
mechanical shaker for 2 d. All samples were filtered through
0.2-um syringe filters and analyzed for perchlorate by
LC/MS/MS.

Microcosm experiments were conducted in 45 mL glass
serum bottles. Duplicate experiments were established
containing 1 g of wet sediment, plus solution containing 5
mg/L NO3; -N, 1 mg/L ClO,4~, or a mixture of 1 mg/L ClO4~
and 5 mg/L NO;™-N. All solutions were purged with nitrogen
gas to remove dissolved oxygen. Sterile control experiments
were set up with HgCl, and container controls were prepared
by spiking sterile water in serum bottles with the stock nitrate
and perchlorate solutions. At selected time intervals, samples
were collected from the serum bottles and filtered through
0.2 um syringe filters prior to sample storage and analysis.
An analysis of holding times indicated that perchlorate
concentrations were stable for time periods of at least 6
months in filtered solutions (see Supporting Information,
Figure S1).

Results and Discussion

Method Improvement. One important modification to the
reported LC/MS/MS method (31) that increased the overall
method sensitivity of perchlorate determinations was to add
acetonitrile postcolumn before the aqueous LC solvent
entered the electrospray source. The addition of organic
solvents to an aqueous mobile phase can help reduce the
effects of surface tension, viscosity, and heat of vaporation
(34). An increase in perchlorate response of 170% occurred
immediately with as little as 50 #L/min addition of acetonitrile
and continued with acetonitrile flows of up to 500 «L/min
(Figure 2). For this analysis, a postcolumn flow of 350
uL/min of acetonitrile was used. This resulted in an 8-fold
increase in the response of perchlorate and isotopically
labeled perchlorate.

Perchlorate Background, Spiking, and Attenuation.
Temporal trends in perchlorate concentrations show sig-
nificant variations centered on the timing of fireworks displays
(Figure 3). Perchlorate concentrations preceding fireworks
displays, by up to 6 days in July 2005, November 2005, and
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July 2006, ranged from 0.005 to 0.081 ug/L (0.05 to 0.81
nmol/L), with a mean value of 0.043 ug/L (0.43 nmol/L; n =
15). Prior to fireworks displays, the ClO,~/Cl™ mole ratio in
Wintersmith Park surface water was 5.4 x 1077. This baseline
ClO,~/Cl” mole ratio is lower by a factor of 256 x compared
to the ratio estimated for modern bulk atmospheric deposi-
tion, approximately 1.4 + 0.1 x 10~* in New Mexico (26),
suggesting perchlorate depletion in Wintersmith Lake surface
water relative to chloride due to biological processes or
chloride enrichment from other sources.

Sampling events within 14 h after the fireworks showed
spikes in perchlorate values ranging from 24 to 1028x the
mean baseline value. A maximum perchlorate concentration
of 44.2 ug/L (444 nmol/L) was determined following the July
2006 display (Figure 3). These trends show significant
increases in perchlorate levels that can be reasonably
attributed to fireworks sources. Rainfall events do not
obviously correlate with perchlorate concentrations which
would indicate perchlorate inputs from surface runoff (Figure
3). Various factors potentially impact the absolute increase
of perchlorate levels in surface water bodies adjacent to
fireworks displays, such as the overall amount of ignited
fireworks and efficiency of perchlorate oxidation which
controls the mass of perchlorate introduced to the environ-
ment, wind direction and velocity which controls the
dispersion and fallout of perchlorate-enriched particles, and
samplinglocations relative to the site of fireworks detonation.
About 2—3x more fireworks were ignited during the July
2005 display as compared to the November 2005 display (city
of Ada, personal communication), which is generally con-
sistent with the observed perchlorate response in surface
water (Figure 3).

In a previous study, Canadian surface waters in the Great
Lakes Basin were analyzed for the presence of perchlorate
(35). Sampling sites included Hamilton Harbor, Niagara River,
Lake Huron, and Lake Erie. Surface water samples were
analyzed by HPLC/MS/MS using isotopically labeled per-
chlorate. Perchlorate was detected at several sites at con-
centrations close to the reported method detection limit of
0.2 4g/L (2.0 nmol/L). Interestingly, perchlorate was detected
in Hamilton Harbor, the location of Canada Day fireworks
(July 2004). Perchlorate was detected 4 days after the event;
a week later perchlorate was undetected at the same site
(35).

In each of the fireworks events examined in this study,
perchlorate concentrations attained a maximum level within
1 d following the display. Subsequently, concentrations
decreased and reached the background level after 20—80 d
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FIGURE 3. Perchlorate concentration trends and precipitation data
centered on fireworks displays in (A) July 2005, (B) November 2005,
and (C) July 2006. Samples taken from Station 3 before and after
the 2004 July 4th display indicated perchlorate concentrations had
changed from 0.08 (on July 2, 2004) to 6.42 ug/L (on July 5, 2004).
Station 1 was sampled only in July 2005. Data for all sampling
events are presented in the Supporting Information (Table S1).

(Figure 3). The reaction kinetics of perchlorate disappearance
from the aqueous phase was modeled with a pseudo-first-
order rate equation

dc/dr = —k,,,C

where C is the concentration of perchlorate in the aqueous
phase (ug/L), kobs is the observed first-order rate constant
(d™1), and ¢ is time (d). Linear regression analysis of plots of
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the natural logarithm of perchlorate concentration versus
time gave straight-line results with R? values ranging from
0.81 to 0.99 (see Supporting Information Figure S2). Values
of kops ranged between 0.03 and 0.28 d 1. Rates of perchlorate
removal observed in Wintersmith surface waters are similar
to a microbial degradation rate, 0.14 d!, measured in
sediment porewaters from a contaminated site (15). Per-
chlorate removal rates in Wintersmith Lake correlate with
temperature. The fastest rate of perchlorate removal was
observed in surface water with a mean temperature of 33.4
°C (July 2006, see Supporting Information Table S1); whereas,
the slowest apparent rate occurred in surface water with a
mean temperature of 12.4 °C (November 2005). The apparent
activation energy (E,) of the perchlorate removal process
was estimated using the equation
dn k

obs

E,=-R daa/n

where E, is the apparent activation energy (kJ/mol), R is the
gas constant (8.314 x 1072 kJ/mol K), and T is temperature
(K). Regression analysis yields an apparent activation energy
of 60.5 & 5.0 kJ/mol (see Supporting Information Figure S3),
consistent with cellular and life-related reactions, mineral
precipitation—dissolution reactions, but not with adsorption
or diffusion processes (36).

Other Components in Pyrotechnics. White (28) lists over
53 organic and inorganic chemicals important in fireworks
as fuels, oxidizers, binding agents, and for various coloration
and sound effects. Perchlorate salts of potassium and
ammonium are the most common oxidizers in modern
fireworks displays, and presumably unreacted perchlorate
salts are the compounds that lead to spikes in soluble
perchlorate concentrations discussed above. Detonation of
fireworks is expected to lead to the quantitative conversion
of perchlorate to chloride following, for example, the
decomposition reaction for potassium perchlorate:

KCIO, = KCl + 20,

Thus, complete efficiency in perchlorate oxidation reactions
during pyrotechnical displays should result in no remaining
perchlorate (37). Not surprisingly, spikes in chloride con-
centrations were consistently observed after the fireworks
displays, but were delayed relative to the timing of perchlorate
spikes by 3—5 days (see Supporting Information Figure S4).
Chloride concentrations were observed to increase by about
5—7 mg/L compared to pre-fireworks values or by about
25%. Only a small fraction (maximum of 0.3%) of this chloride
could have been derived from degrading perchlorate that
was present in the lake water; the main source of this chloride
is apparently from the dissolution of combustion residues.

Other compounds containing strontium, barium, calcium,
sodium, copper, antimony, aluminum, and magnesium are
essential color-emitters used in pyrotechnical displays (37).
Spikes in the concentrations of these other elements were
not detected in Wintersmith Lake. The reasons for this are
uncertain but may have to do with the more limited sensitivity
ofthe analytical technique employed for these elements (ICP-
OES) coupled in some cases with relatively high background
concentrations (Ca, Na, K, Mg) and their lower mass
abundance compared to perchlorate in the fireworks. Also
the final chemical form, water solubility, and reactivity of
metals associated with the remains of detonated fireworks
have not been studied in detail.

Oxygen and Hydrogen Isotopes. Stable oxygen and
hydrogen isotope ratios are valuable for hydrologic inves-
tigations, especially for water-balance evaluations in ground-
water and surface water systems. Wintersmith Lake surface
water had stable isotope ratios of oxygen and hydrogen that
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TABLE 1. Selected Chemical Characteristics for Two Core
Sections (0—10 cm Depth) from Wintersmith Lake in Ada, OK

% % % sediment TOC,? TIC,? TSt
core clay silt sand pH gkg™' gkg' gkg™

NBWR 15 12 73 8.46 35.2 4.1 0.16
NBWL 10 8 82 8.03 1.82 0.43 1.2

2 Measured by carbon coulometry. Total carbon (TC) determined by
combustion at 950 °C. Total inorganic carbon (TIC) determined by acid
extraction using 2 N perchloric acid. Total organic carbon (TOC) is equal
to TC — TIC. Total sulfur (TS) measured by sulfur coulometry via
combustion at 1100 °C.

showed seasonal variations of about 1.5%0 and 8%., respec-
tively (Figure 4). Isotopic data show the effects of evaporation
in that the meteoric water trend is not observed; rather data
follow along a trajectory below the meteoric water trend
having a slope of about 5 instead of 8. Ratios of 120/!0 and
2H/'H are more variable in the summer, because of greater
precipitation and generally more intense evaporation com-
pared to the late fall and winter. Considering the limited
rainfall that occurred over the period that perchlorate concen-
trations were decreasing in Wintersmith Lake (Figure 3) and
the overall evaporitic trend indicated by the isotopic data
(Figure 4), dilution is not expected to be an important factor
in lowering perchlorate levels in this system. Dilution of per-
chlorate concentrations via mixing of the lake water, however,
is a possibility that was not assessed during this study.

Adsorption. It is widely accepted that perchlorate does
not appreciably sorb to solids and that its mobility and fate
in the environment are largely influenced by hydrological
and biological factors (9). Core samples retrieved from the
bottom of Wintersmith Lake were composed predominately
of sand-sized particles and the sediment pH for each core
was between 8.0 and 8.5 (Table 1), similar to the mean pH
of the overlying water column (8.51 + 0.44; n=>50). Core sec-
tion NBWR was ~20x more enriched in organic matter com-
pared to core section NBWL (Table 1). Also the fraction of
clay-sized particles is somewhat higher in the NBWR sample.

Constant-pH sorption tests were conducted with per-
chlorate loadings from about 10 to 450 ug perchlorate per g
of sediment. Core section NBWL showed no potential to
remove perchlorate from solution, as 96—102% of the spiked
perchlorate was recovered in the aqueous phase (Figure 5).
However, core section NBWR removed up to about 10 ug of
perchlorate per g of sediment (100 nmol g™!) (Figure 5). The
measurable sorption capacity for this material may be related
to a higher abundance of organic carbon and an overall finer
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grain size (Table 1). As noted in previous studies, it can be
difficult to discern between chemical adsorption and mi-
crobial degradation in batch experiments with perchlorate
(8, 9). The batch adsorption experiments were conducted
over 48 h with initial aerobic conditions that should have
prevented any microbial perchlorate degradation. The results
of the adsorption tests suggest that sediments underlying
Wintersmith Lake have only a minor capacity to remove
perchlorate via sorption. However, this mechanism of
removal cannot be completely discounted. More detailed
assessments of the spatial distribution of organic carbon
content and perchlorate adsorption capacity may allow for
a better estimate of perchlorate adsorption and desorption.
Microcosms. Microcosm experiments show that Win-
tersmith Lake sediments contain microbial communities
capable of reducing both nitrate and perchlorate, with nitrate
reduction being favored (Figure 6). In nitrate-free micro-
cosms, perchlorate was degraded from 1 mg/L after 18 d to
at or below 0.05 ug/L; whereas, in microcosms with both
perchlorate and nitrate present the start of perchlorate
reduction lagged several days behind nitrate reduction, and
up to 35 d was needed for perchlorate concentrations to
decrease below 0.05 ug/L. Note that the mean value of nitrate
in Wintersmith Lake was determined to be 40 ug/L. Interest-
ingly, the lowest perchlorate concentrations obtained in the
microcosms fall within range of the observed pre-fireworks
background levels in Wintersmith Lake (Figure 6a), perhaps
suggesting that microbial perchlorate reduction becomes
unfavorable at very low concentrations (38). Simultaneous
reduction of perchlorate and nitrate was observed. However,
perchlorate reduction was clearly favored only after nitrate
concentrations were reduced to below 200 ug N/L. Note that
a transient period of ammonia production, perhaps due to
dissimilatory nitrate reduction to ammonia, occurred prior
to dentrification. Pseudo-first-order rate constants were
determined by fitting perchlorate data in the initial nonlinear
decay period. Rate constants ranged from 0.39 to 0.59 d!
and are comparable to rates observed in previous microcosm
studies on sediments from contaminated sites (15, 39).
Additional studies to examine the effects of initial concen-
trations of perchlorate and nitrate have not been conducted,
but the results indicate that microbial perchlorate reduction
can occur at initial perchlorate levels much greater than are
observed resulting from several fireworks displays.
Implications. Spikes in perchlorate concentrations sig-
nificantly above background levels were noted after four
separate fireworks displays, and in one case concentrations
in Wintersmith Lake reached 44 ug/L. Maximum concentra-
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NBWR). (A) Perchlorate concentration change with and without
nitrate with respect to time. (B) Microcosm concentration of am-
monia-N, nitrate-N, and perchlorate with respect to time. Perchlorate
concentrations were multiplied by 5 to make trends more apparent.

tions observed in this study following fireworks displays
exceed current action levels for drinking water (e.g., 6 ug/L
State of California; 4 ug/L State of Texas, and 1 ug/L State
of Massachusetts). It is unclear if aquatic organisms are
affected at these concentration levels, although previous work
indicates thyroid impacts in fish at perchlorate concentrations
aslowas 100 ug/L and exposure times of 30 d (4). Microcosm
tests showed comparatively rapid intrinsic perchlorate
degradation in the absence of nitrate consistent with the
observed disappearance of perchlorate from Wintersmith
Lake, indicating that natural attenuation may be an important
factor affecting the fate of perchlorate in the environment
following fireworks displays. The availability of organic carbon
to provide energy for perchlorate reducing bacteria may be
a key factor governing perchlorate attenuation rates in the
environment. Results from this study highlight the need for
additional studies of perchlorate behavior following fireworks
displays in relation to surface water and groundwater quality,
particularly in urban areas.
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